Mapping of ultrasonic fields passed through various solids has been used as an engineering tool to measure field distortion [1-8).
Centrifugally cast stainless steel (CCSS) has been one material of interest since many pressurized-water reactors (PWRs) use this material in the primary pressure boundary. The two-dimensional mapping of amplitude has been performed in different CCSS microstructures, and it was also of interest to extend this capability to include phase.
This data was thought to be useful in validating models which are being refined to predict ultrasonic fields in solids, compensating for phase distortion when imaging reflectors, and detecting flaws by detecting changes caused by interference between the phase response of the primary wave front and a flaw.
Previous work indicated that the sound field emitted by a 45°, longitudinal-wave probe was distorted at a frequency of 2 MHz but not at 1 MHz [2) . This report discusses the samples used, the process of mapping the in-phase fringe pattern, and an analysis of the fringe patterns acquired from selected cess microstructures at frequencies of 1 and 2 MHz.
CENTRIFUGALLY CAST STAINLESS STEEL
eess is characterized as a material containing a coarse microstructure that is anisotropic and heterogeneous. The major microstructural classifications are a columnar, an equiaxed, and a mixed columnarequiaxed microstructure of which the majority of field material is believed to be the latter.
(See Good and Van Fleet for macro graphs of each microstructure [2] .) Two CCSS material microstructures were used to acquire ultrasonic field maps:
an equiaxed microstructure and a columnar microstructure. In order to acquire reference field maps from a homogeneous-isotropic material, a carbon steel pipe section that had an equivalent diameter and wall thickness was used. All samples were field pipe sections and had a 70-cm inner diameter and a 6-cm wall thickness. A spatial coordinate reference had been placed on each sample. This included the pipe axial and circumferential axes as well as points on the two diametrical surfaces which only differed in radial position and/or axial displacement [4) . A small, 45° facet was also present on the inner diametrical surface for placement of the microprobe receiver.
Ultrasonic Field Map System
The ultrasonic field mapping system provided a two-dimensional map of the ultrasonic field (Fig. 1) . Longitudinal-wave field maps were obtained using a longitudinal-wave probe as a transmitter and a longitudinal-wave microprobe as a receiverl. The width of the leadzirconate-titanate (PZT) chip within the microprobe was 0.3 mm (0.01 inch). A scan was accomplished by applying the microprobe (Fig. 2) to a 45° facet and scanning in a raster format with the transmitting probe. No special surface preparation was performed for application of the microprobe except for machining the 45° facet. The purpose of the facet was to enhance the receiving directivity pattern [4) .
A major system change was use of a real-time gate. Previous data involved digitizing the RF signal and implementing a software gate via post-processing [4) . Interactive positioning of the gate assured that the proper portion of the signal was gated; however, a system upgrade had not been completed which would permit phase measurement and software gating. A modified Holosonics scanner and imaging system was used to permit a preliminary evaluation. lPiezoelectric apertures are typically many wavelengths across, which generally makes the transducer unable to uniquely distinguish Signal phase. A piezoelectric microprobe less than a half-wavelength across, however, is always able to uniquely distinguish phase. This characteristic of the microprobe is denoted as "phase insensitivity" and is not to be confused with the ability of the microprobe to detect phase. The Holosonics system used a reference oscillator to provide input to the tone-burst generator and in-phase and quadrature-phase detectors. Transducer excitation was accomplished by gating the continuous-wave signal and using a 40 W amplifier. By referencing the in-phase and quadrature-phase detectors to the continuous-wave signal, two time modulated signals were produced where voltage was respectively proportional to A·cosO and A·sinO.
Ultrasonic field maps were formed by determining the response in the gate. The gate was used in either a fixed mode where a constant time delay was set or a signal-following mode. While in the signalfollowing mode, the gate was turned on at the first occurrence of the amplitude detector breaking a threshold. Images were made by two dimensionally mapping the gated value of each respective detector to the coordinate system of the scanner. A preset color or gray-scale level was assigned to the quantum level of the analog-to-digital converter. No amplitude normalization was performed on the images.
An 18 dB dynamic range existed between the gate threshold and saturation of the phase detectors. Amplitude variation while performing a two-dimensional scan, however, was much greater than this range. To minimize gating errors while collecting phase data, system gain was increased beyond the saturation limit of the detectors. This enabled the gate while in the signal-following mode to accurately track the longitudinal wave and still permitted a qualitative comparison of phase since the resulting fringe pattern still displayed the cyclic variation of A·cosO and A·sinO.
Since amplifier saturation prevented amplitude reconstruction, another field map was performed with system gain reduced to assure a linear response. The amplitude map provided a spatial reference of the field. Since the signal-following gate did not function well when system gain was reduced, the gate was used in the fixed mode.
Data Acquisition
System parameters were set prior to collecting each field map. When collecting phase data the gate was placed in the signal-following mode. The tone-burst duration and gate delay respectively were set at 9 ps and 5 ps. When collecting amplitude data, the delay was set such that the gate occurred 5 ps into the longitudinal signal when the operator had peaked the response by translating the transmitter with the scanner.
The same acrylic wedge was used as in previously reported work [2] [3] [4] . An 18.7° incident angle was used to produce a nominal 45° longitudinal-wave field for all three samples. The scrubbing surface of the wedge had been contoured to match the outer pipe radius.
Due to the large pipe wall thickness, transducer diameters were selected such that the near field zone was extended to approximately 6 cm, which is the pipe wall thickness. A 3.8 cm (1.5 inch) diameter transducer was mounted on the wedge for acquiring 1 MHz data and a 2.5 cm (1.0 inch) diameter transducer for acquiring 2 MHz data. The path length in the wedge was 23 mm (0.89 inch).
Prior to making a scan, the scanner was aligned to the sample. This involved translating the wedge with the scanner and visually inspecting the offset between the wedge and scribe lines on each sample. The scribe lines on the outer diametrical surface were the pipe axis, circumference, and spatial reference point relative to the facet on which the microprobe was placed [4] .
Data Analysis
Data analysis was performed on images acquired from each of the samples at 1 MHz and 2 MHz (Figs. 3 and 4) . The reference scans served an important function in that the ultrasonic field propagated through a geometrically similar condition to that of the coarse-microstructural material being evaluated.
If an insignificant amount of distortion had occurred due to the cess, the refractive, diffractive, and phase phenomena should be similar to the reference scans and contain similar image features. The degree of distortion incurred, therefore, was determined by comparing the ultrasonic field map to the reference scan. Although this was a subjective process, basic conclusions concerning distortion and trends were established.
Prior to analyzing the data, clarification may be needed to define the fringe pattern of the acquired phase maps. The imaged plane was at 45° relative to the propagational direction of the ultrasonic field (Fig. 1) . Therefore, the individual ray paths were a function of distance and angle. The angular dependence was important since wave velocity was dependent on the angle between the grain axis and the propagational direction of the wave [5] .
The recorded images mapped the output of the in-phase detector;
i.e., A-cosO. At (X,Y) equal to (7.6 cm, 0 cm) the wave front passed through the least amount of material. This position also corresponded to a refracted angle of 0°. As Y increased, the angle and throughpropagated distance increased according to the respective relations: occurred, therefore, due to differences in distance from the 45° plane cutting across the ultrasonic beam, the angular dependence of velocity, and phase shifts between successive lobes of the wave front.
Data indicated that with a 6-mm wavelength (l.O-MHz frequency) the wave was not severely distorted by either the equiaxed or columnar microstructure (Fig. 3 ). An observation from the carbon-steel data was that the fringes were well behaved as expected and contiguous across the phase shifts between successive lobes. For the equiaxed microstructure, the fringe pattern was relatively flat over the primary lobe. Between the central region and successive annuli, 180° phase shifts were more readily observed than for the carbon-steel reference. For the columnar microstructure, additional disruptions were observed; however, the pattern was not as well defined. A conclusion was that the distortion of the fringe pattern was less than expected. the region being well within the 3N zone and not accounting for either lensing by the pipe curvature or attenuation by the acrylic wedge. Given these facts, the results were thought to be quite good.
The 3-mm wavelength (2.0-MHz frequency) data indicated that the wave was not severely distorted by either microstructure. Due to the increased attenuation associated with the higher frequency, the surfacefollowing gate did not function properly. For the equiaxed and columnar data, a line was drawn to separate regions where the gate functioned properly and areas where some mistriggering occurred. The entire region containing the principal lobe and most of the remaining area, however, was valid for each microstructure. The amount of disruptions in the fringe pattern was markedly less than anticipated. This gave further support to the position that practical methods may be potentially developed for inspecting CCSS.
The stability of the fringe pattern might be used to detect planarlike flaws. Disruptions in the fringe pattern may result from interference with a flaw response or increased propagational distances due to the partial blockage of a signal. Data might be taken via the external surface of a component by means of a full V-path.
CONCLUSIONS
Ultrasonic field maps were useful in evaluating distortion incurred by waves propagating in materials of coarse microstructure. A piezoelectric microprobe with a 0.3 mm (0.01 inch) active area was used to acquire data. The microprobe aperture was small relative to the wavelength and, therefore, functioned well as a phase-insensitive receiver. Phase maps of 45°, longitudinal-wave fields at 1 and 2 MHz displayed significantly less distortion than was expected.
Use of the fringe pattern might lead to enhanced imaging of reflectors by compensating for phase distortion; e.g., acoustic holography and synthetic-aperture focusing. The stability of the fringe pattern was also thought to be a potential technique for detecting planar-like reflectors such as cracks. Detecting flaws would require data acquisition from an exposed surface. One might use a full V-path by applying the transmitter and microprobe receiver on the outer surface. Fringe-pattern disruptions may result from partial blockage of the wave front by a planar flaw and interference between the two signals.
System improvements would include digitization of the in-phase and quadrature-phase signals and implementation of a software controllable gate. Currently, the system relies on a hardware gate that operates in either a fixed or signal-following mode. While operating in the signalfollowing mode, the gain levels required to trigger the gate are near the saturation limit of the amplifiers. A software gate would permit data acquisition in the linear range of the signal amplifiers and signal-following of either longitudinal or shear waves. This would then permit implementation of an unwrapping algorithm for measuring phase.
Future work would include data acquisition of longitudinal and shear waves, expansion of the sample set to include mixed microstructural modes, an evaluation of phase compensation to enhance imaging of large crack-like reflectors, and phase unwrapping.
